In New Zealand, efforts to control acute rheumatic fever (ARF) and its sequelae have focused on school-age children in the poorest socioeconomic areas; however, it is unclear whether this approach is optimal given the strong association with demographic risk factors other than deprivation, especially ethnicity. The aim of this study was to estimate the stratum-specific risk of ARF by key sociodemographic characteristics. We used hospitalization and disease notification data to identify new cases of ARF between 2010 and 2013, and used population count data from the 2013 New Zealand Census as our denominator. Poisson logistic regression methods were used to estimate stratum-specific risk of ARF development. The likelihood of ARF development varied considerably by age, ethnicity and deprivation strata: while risk was greatest in Māori and Pacific children aged 10-14 years residing in the most extreme deprivation, both of these ethnic groups experienced elevated risk across a wide age range and across deprivation levels. Interventions that target populations based on deprivation will include the highest-risk strata, but they will also (a) include groups with very low risk of ARF, such as non-Māori/non-Pacific children; and (b) exclude groups with moderate risk of ARF, such as Māori and Pacific individuals living outside high deprivation areas.
INTRODUCTION
Acute rheumatic fever (ARF) is an autoimmune disorder resulting from exposure to strains of group A Streptococcus (GAS) bacterium. Typical features of ARF include inflammation of joints, the central nervous system and, most seriously, cardiac valve tissue -with more than half of all ARF cases expected to develop rheumatic heart disease (RHD) [1] .
Despite evidence linking GAS infection to ARF development, the aetiology of the latter remains poorly understood. Typing of GAS isolates obtained from New Zealand ARF cases from 2006 to 2014 identified few of the so-called rheumatogenic emm types, but found a high proportion of types previously associated with pyoderma -supporting a potential role for skin infection in ARF [2] . GAS carriage is relatively common, with 12% of all children carrying the bacteria asymptomatically in their throat [3] . The fact that only a small proportion of GAS infections lead to ARF suggests that there are other factors in addition to GAS infection itself that have a strong modifying effect on host susceptibility to ARF development [4] .
ARF is a disease of childhood, with most cases occurring in those aged 4-19 years [5, 6] . There is a strong deprivation gradient for this disease, which is thought to be driven by heightened exposure to factors such as dampness in the home and sore throat frequency [7] . In New Zealand, ARF is now almost entirely restricted to Māori and Pacific peoples [5, 6] -with these populations 20-40 times more likely to be diagnosed with ARF than the European population [5, 6, 8] .
Efforts to control ARF and its sequelae, such as throat swabbing programmes and screening for asymptomatic RHD, have to date focused on schools in the lowest socioeconomic areas [9] . This targeting was based on the strong association between deprivation and ARF incidence; however, it is not clear whether this approach is the optimal one given the strong association with socio-demographic risk factors other than deprivation, especially ethnicity [5] .
The aim of this paper is to estimate the stratumspecific risk of ARF in the New Zealand contextallowing us to simultaneously combine the effects of known socio-demographic risk factors (i.e. age, ethnicity, deprivation). Stratum-specific analyses allow us to assess the strength of associations between exposure to these risk factors and disease incidence. In addition, we aimed to assess the potential for targeting of interventions based on quantifying the number of individuals belonging to the highest-risk groups, both for the total New Zealand population and also by geographical region.
METHODS

Participants -cases
Each new case of ARF identified over the 4-year period 2010-2013 was included in this study. Diagnosis of ARF in New Zealand is made according to a modified version of the Jones Criteria [10] . To identify cases, we requested hospitalization data (National Minimum Dataset; NMDS) from the Ministry of Health pertaining to all hospitalizations with an admission date that occurred between 2010 and 2013 in which a primary diagnosis of ARF was made (ICD-10-AM codes: I00-I02). Second, we requested notification data ('EpiSurv') from the Institute of Environmental Science and Research (ESR) for all new cases of ARF reported during 2010-2013. The notification data were then merged (by unique patient identifier) with the hospitalization data. In the event that a patient and associated data existed in both cohorts, a 'give-way' rule was applied whereby hospitalization data were preferred to notification data (as notifications can be delayed).
For any given patient, only data pertaining to the earliest ARF diagnosis between 2010 and 2013 were retained since the aim was to identify incident cases. Since it was feasible that the diagnosis dates recorded in the hospitalization and notification datasets might not be identical, a 4-week diagnosis 'window' was employed when merging these datasets -whereby hospitalization and notification data were assumed to refer to the same underlying ARF event provided the diagnosis dates were within 4 weeks of each other. The earliest recorded date of diagnosis for a given ARF case was retained as the index date for that patient.
After merging the hospitalization and notification datasets, a total of 929 unique ARF cases were identified. Since the aim was to identify incident cases of ARF rather than recurrences, we excluded those who had a recorded history of ARF (prior to 2010) or RHD (any time prior to the ARF diagnosis date) using a case-identification algorithm. This is the same case identification algorithm that is used by the New Zealand Ministry of Health to determine ARF incidence based on hospitalization data. The algorithm restricts the attribution of ARF incidence to those patients for whom: (1) ARF is the principal diagnosis only; (2) no previous principal or additional diagnoses of ARF are recorded; and (3) no previous principal or additional diagnoses of RHD are recorded [11] . In order to apply this algorithm, we linked all patients in the cohort to their hospitalization records from 1988 [the year the National Health Index (NHI) became universal] [12] or their birth (if born since 1988), for evidence of previous ARF (ICD-10-AM codes: I00-I02) or RHD (I05-I09). Based on this algorithm, we excluded 156 patients from further analysis. Using hospitalization data, we also excluded those who were recorded as being a non-New Zealand resident at the time of their ARF (n = 38). Following exclusions, a final cohort (n = 733) remained for further analysis. Of this total, 495 cases (68% of final cohort) were recorded in both the hospitalization and notification datasets, 176 (24%) were only recorded in hospitalization data, and 62 (8%) were only recorded in notification data. These cases are the same as those used in a previous study outlining the incidence of ARF in New Zealand between 2010 and 2013 [8] .
Participants -source population
The 2013 New Zealand Census population served as the source population for this study. We sought and received population count data, stratified by age, ethnicity, deprivation, and geographical location, from the developers of the NZDep 2013 tool [13] . The source population included all individuals belonging to one of the prioritized ethnicity groups (Māori, Pacific, Asian, non-Māori/non-Pacific/non-Asian; see 'Variables and final dataset' section below), stratified by age group and deprivation strata.
Variables and final dataset
For ARF cases, ethnicity, geographical location [domicile code or Census Area Unit (CAU)] and date of birth/age were determined from both the hospitalization and notification datasets, with hospitalization data preferred to notification data in line with our 'give-way' rule. If hospitalization data were incomplete for these variables, then notification data (where available) were used to fill these gaps.
For the source population, unit-level records (i.e. one row per individual) were created based on the age-, ethnicity-and deprivation-stratified population count data. For example, 39 768 individuals from the source population were aged 0-4 years, of 'European/other' ethnicity, and had an NZDep score of 1-2; thus, our final dataset included 39 768 records for this combination of factors. Our variables are further described below.
. Ethnicity. For both ARF cases and the source population, ethnicity was determined using the prioritized ethnicity approach [5, 6] , whereby if more than one ethnic group is nominated by an individual, one ethnicity is attributed based on a prioritization algorithm [14] . Using this approach, patients were placed into either Māori, Pacific or Asian ethnic groups (prioritized in that order), while those who were not recorded as having any of these three affiliations were recorded as non-Māori/non-Pacific/non-Asian (described as 'European/other' in this paper). . Age. For ARF cases, patient age was determined from date of birth (NMDS) or age at diagnosis (EpiSurv) data. Age group in the source population is available as categorized counts, and so for both ARF cases and the source population age was treated as a categorical variable (age groups: 0-4, 5-9, 10-14, 15-19, 20-24, 25-29, 530 years).
. Deprivation. For both ARF cases and the source population, deprivation was determined using quintiles of the NZDep 2013 index, which attributes a level of deprivation based on the CAU where the patient resided at the time of ARF diagnosis. Incomplete CAU data (n = 2, 0·3% of cohort) and a lack of NZDep score availability (n = 20, 2·7% of cohort) prevented attribution of NZDep in 22 (3%) ARF cases. . Geographical location. The geographical location (District Health Board) of each case was attributed based on the CAU where they lived at the time of either (a) ARF incidence (for ARF cases) or (b) time of the 2013 Census (for the source population).
In urban areas, the boundaries of a CAU generally coincide with a suburb, while CAUs in rural areas generally span larger geographical areas [15] . For ARF cases, CAU was mapped across from the domicile code (another geographical unit based on the address where the individual is usually resident) attributed to the patient at time of hospitalization. Notification (EpiSurv) data (if available) were used to augment CAU data in those cases where (a) the domicile code mapped to a non-existent or out-of-date CAU or (b) the domicile code was absent from the hospitalization data. Following augmentation, CAU could not be determined for a total of two (0·3%) ARF cases. Using a concordance file [16] , CAU was then used to determine the District Health Board that a patient was residing in at the time of their diagnosis. District Health Board could not be determined for a total of 10 (1·4%) ARF cases due to missing concordance data.
The final dataset included complete data for 711 ARF cases and 4 227 981 individuals from the source population ( Fig. 1 ). Each individual was attributed a unique study identifier, and merged into a final cohort with 4 228 692 individual records.
Statistical analysis
To estimate stratum-specific rates of ARF, we ran Poisson regression models that included our categorical predictor variables (age, ethnicity, deprivation quintile). For each variable, a reference category was selected (age: 530 years; ethnicity: European/other; deprivation: NZDep deciles 1-2). Predicted rates of ARF for each stratum were calculated from the Poisson models based on the independent impact of age, ethnicity, and deprivation, by solving the model for each stratum (i.e. summing the appropriate beta coefficients for each stratum). Adjusted rate ratios (aRRs) were derived from the model, along with corresponding 95% confidence intervals (CIs). Rates of ARF for each stratum were also derived from the Poisson models, and expressed in terms of personyears at risk (pyar). For simplicity, the contribution of each individual record to the person-time denominator was fixed at 4 person-years (i.e. 2010-2013).
All analyses were performed in SAS v. 9.3 (SAS Institute Inc., USA) and Microsoft Excel (Microsoft Corp., USA).
RESULTS
Demographic characteristics of the total cohort are given in Table 1 . We observed that fewer ARF cases were female than male (44% vs. 56%). Congruent with expectations, the majority (82%) of ARF cases were aged between 5 and 19 years, were Māori or Pacific (92%), and resided in NZDep deciles 9-10 (70%).
Adjusted rate ratios from our Poisson regression model are given in Table 2 . Those aged 10-14 years were >30 times more likely to develop ARF compared to those aged 530 years, adjusting for differences in ethnicity and deprivation (aRR 31·9, 95% CI 23·0-44·0]; while those aged 5-9 years were 18 times more likely (aRR 18·5, 95% CI 13·2-25·9) to develop ARF. Māori and Pacific peoples were 14-21 times more likely to develop the disease compared to European/other individuals after adjusting for differences in age and deprivation (Māori: aRR 14·5, 95% CI 10·6-19·7; Pacific: aRR 20·6, 95% CI 14·9-28·4), while those residing in areas with NZDep deciles 9-10 were nearly nine times more likely to develop ARF compared to NZDep deciles 1-2 after adjusting for differences in age and ethnicity (aRR 8·9, 95% CI 5·1-15·7). Stratum-specific rates of ARF are presented in Table 3 . The European/other and Asian cohorts both had minimal risk of ARF, regardless of age and deprivation strata. The Māori cohort had rates >1 case/1000 pyar for multiple age and deprivation strata, with the highest occurring in 10-to 14-year-olds residing in NZDep deciles 9-10 (4·4 cases/1000 pyar). The Pacific cohort showed a nearidentical pattern of stratum-specific rates, with peak risk also occurring in 10-to 14-year-olds residing in NZDep deciles 9-10 (6·2 cases/1000 pyar).
The absolute number of individuals in each of the risk strata is presented in Table 4 for the ethnicitystratified New Zealand population, and by District Health Board in Supplementary Table S2) . Those strata with a rate of disease 51 case/1000 pyar (from Table 3 ) are highlighted in each table. For example, the total number of Māori children in New Zealand aged 10-14 years and residing in NZDep deciles 9-10 was 25 833; while the total number of Pacific children belonging to these strata was 14 748.
DISCUSSION
The aim of this study was to simultaneously combine the effects of known socio-demographic predictors of ARF incidence in New Zealand, in order to estimate stratum-specific rates of disease. Using this information, we were also able to quantify the number of individuals belonging to the highest-risk population groups -both for the total New Zealand population (Table 4 ) and also by geographical region (Supplementary Table S2 ).
In line with expectations, we observed that the European/other and Asian populations have minimal risk of ARF development, with Māori and Pacific peoples carrying the most significant burden of disease. (While our observations are similar to those reported previously [5, 6] , it is worth noting that they are not directly comparable since they are adjusted for different demographic variables.) Those at greatest risk of ARF in New Zealand are Māori and Pacific children, aged 5-14 years, residing in the most deprived areas of the country (NZDep 9-10). However, we did observe elevated risk of ARF in Māori and Pacific peoples outside of these highest-risk strata -with patterns of elevated risk nearly identical between Māori and Pacific peoples (Table 3) .
It is clear that age, ethnicity and deprivation all contribute independently to ARF risk. Age is obviously a crucial risk factor in the development of ARF, with most cases occurring in childhood [6] . However, the association between the other two risk factors and ARF risk is more complex: for instance, if deprivation were the only important risk factor for ARF, then we would observe similarly elevated rates of disease in all ethnic groups residing in NZDep deciles 9-10; and if Māori or Pacific ethnicity were the only important risk factor, then we would expect to see similarly elevated rates of disease across deprivation strata within these ethnic groups. The data presented here (and elsewhere) clearly indicate that the risk of ARF is modified by a complex combination of (and interaction between) these risk factors.
In order to understand more about the aetiology of ARF based on the socio-demographic predictors used in this study, we need to understand more about what they represent. Since ARF is an immune-mediated disease -rather than an infectious disease per se -the host response to GAS infection is particularly important. Age appears to be a profoundly important host factor, since ARF is rare in children aged <5 years and almost unknown in children aged <3 yearssuggesting that the aetiology of rheumatic fever requires a maturing immune system. The elevated risk for Māori and Pacific peoples of this disease is so markedly large compared to other infectious diseases [17] that this vulnerability would suggest a genetic contribution (the heritability of ARF, based on twin studies, is estimated at about 60%) [18] . However, an argument against the strength of this genetic contribution is the fact that ARF once had high incidence in European populations -both in New Zealand and elsewhere.
Finally, the independent association with deprivation provides strong evidence that exposures associated with poverty are important, and these are likely to be mediated through increased rates of GAS or some other co-factors that we are unaware of.
Implications for prevention and screening interventions
As discussed in the Introduction, efforts to date to control ARF and its sequelae have focused on schools in the lowest socioeconomic areas -a logical strategy, given (a) the known high incidence of this disease in children, and (b) the known link between deprivation and ARF development. 
CI, Confidence interval; pyar, person-years at risk. * Rate per 1000 pyar. Areas in grey indicate stratum-specific predicted rate of 1 case/1000 pyar.
It is outside our focus here to discuss the ethical and logistical challenges associated with such interventions. However, if we were to design a national ARF prevention or RHD screening programme based on the estimates of ARF risk we have reported in this paper -and we wished to target our intervention to those strata at highest absolute risk, due to resource constraints or similar -then we may choose to target Māori and Pacific Island children aged 10-14 years residing in NZDep deciles 9-10 (Māori adjusted rate: 4·4/1000 pyar; Pacific: 6·2/1000 pyar). In order to maximize effectiveness, such a programme would need to ensure equitable provision of the intervention to >40 000 children; and if we were to expand our risk strata to include 5-to 9-year-olds, then >80 000 children would need to be targeted (Table 4) .
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the 5-14 years age group (Table 1) . Any national effort that focused only on the highest-risk strata -or only on those schools that are in the poorest socioeconomic areas, as in current programmes -must accept that a substantial minority of the at-risk population will not have the opportunity to benefit from the intervention. Moreover, the spread of risk across multiple strata means that interventions that target populations based only on deprivation may include the highest-risk strata, but they will also (a) include groups with very low risk of ARF, such as non-Māori/non-Pacific children; and (b) exclude some groups with moderate risk of ARF, such as Māori and Pacific children living outside high deprivation areas. It is also worth noting that the measure of deprivation used in this study is based on the address at which an individual usually resides -not the address of the school the individual attends, as might be used in school-based interventions. While there is likely to be confluence between the two, they are certainly not synonymous. Finally, targeting an intervention (such as RHD screening) towards given age/ethnicity/deprivation strata based on peak disease rates might ignore other important contributors to the overall success of the intervention. It may be that the benefits and risks associated with the intervention are not equal across strata: for example, if one of the goals of RHD screening is to identify those with subclinical disease and intervene with prophylaxis (to minimize risk of ARF recurrence), then it is possible that such an intervention will benefit younger children more than older children. There is limited evidence regarding both the magnitude of the benefits and harms and the optimal timing of such an intervention, and thus further work is required in this area.
Strengths and limitations
This paper is the first to combine those sociodemographic variables that have been previously associated with ARF development, and present adjusted estimates of disease risk by relevant strata. In this way, we have (uniquely) separated the independent effects of age, ethnicity and deprivation on ARF riskwhere previously these risks have been conflated.
Our estimates are based on variables available from national-level datasets in New Zealand, with the width of categorizations (e.g. age group 5-9 years, rather than individual years) dependent on availability of age-, ethnicity-and deprivation-stratified population count data. Age and deprivation are, in reality, continuous variables that we have categorized in convenient ways that may not reflect natural and policy relevant cut-off points. For example, it would have been useful to be able to employ age groups that reflected differing school environments (primary school aged 5-12 years, secondary aged 13-17 years).
The ARF dataset is influenced by factors causing it to both under-and over-count the true number of cases. ARF is a syndromic diagnosis, and clinically important disease has a wide spectrum of symptoms from mild (even asymptomatic) to severe. Cases can be missed if these individuals: (a) did not seek medical attention for their symptoms, (b) did not have their (likely mild) symptoms recognized as ARF when they did present to healthcare services, or (c) were neither admitted to hospital nor notified to a medical officer of health, despite being diagnosed with ARF. There is evidence that this case under-ascertainment is large: for example, less than half (41%) of the 1016 RHD cases aged <20 years diagnosed between 1997 and 2010 had previously been admitted to hospital and diagnosed with ARF [19] . This under-count of the true number of ARF cases over our study period would thus make the stratum-specific rates of disease that we have reported here conservative.
There are also factors leading to some over-count of the true number of cases. Evidence from regional registers -which serve as vital patient management tools -suggests that national-level data overestimate the number of diagnosed ARF cases [20, 21] . In this scenario, our dataset would over-count the number of ARF cases that occurred between 2010 and 2013. Along this line, we also note that recent evidence suggests that rates of ARF in New Zealand appear to have reduced in the years 2014 and 2015 [22] -meaning that the stratum-specific rates of disease reported here may have attenuated somewhat since the end of the study period.
Arguments can be made in either direction regarding whether we have accurately counted the true number of ARF cases and whether our stratum-specific estimates of disease risk are still applicable in the face of a seemingly rapid recent change in the epidemiology of this disease. However, it is likely that none of these scenarios would alter the pattern of disease risk across strata: in other words, Māori and Pacific individuals aged 10-14 years residing in NZDep deciles 9-10 would still be at the greatest risk of ARF -only the absolute magnitude of the stratum-specific risk would be altered.
We must also consider the possibility that at least some of those cases diagnosed in older age groups (e.g. 520 years; 18% of all ARF cases 2010-2013; Table 1 ) are in fact recurrences of cases that occurred earlier in life -cases that were either (a) not diagnosed and reported to the central data repositories employed in the current study, or (b) occurred prior to 1988 (when NHI use became universal for hospitalization records). Such a scenario would result in an overcounting of cases in older age groups -with an associated increase in stratum-specific rates of disease in that age group.
Finally, in congruence with previous descriptions of the ethnic patterning of ARF in New Zealand [5, 6] the current paper used the 'prioritized' approach to define ethnic groups. This approach simplifies the often-complex dynamic of ethnic affiliation by prioritizing some self-identified ethnicities over others: in our case, Māori ethnicity is first priority, followed by Pacific and then Asian, with those identifying as none of these groups designated as non-Māori/ non-Pacific/non-Asian (or 'European/other'). The limitation of this approach in the current context is that while the number of Māori ARF cases will directly reflect the incidence of ARF in all those who identify as Māori, the number of ARF cases in Pacific individuals will tend to be under-counted -since those who identify as both Māori and Pacific will only be counted as Māori (n = 29 cases, or 4% of our cohort). However, this is also true of the source population -i.e. the denominator data, drawn from the 2013 Census -meaning that this under-count does not necessarily lead to an attenuation of the estimated risk of ARF in Pacific peoples, since both the numerator (ARF cases) and denominator (Census data) are affected.
CONCLUSIONS
The likelihood of developing ARF varies considerably by age, ethnicity and deprivation strata. While risk is greatest in Māori and Pacific children aged 10-14 years residing in the most extreme levels of deprivation, both of these ethnic groups experience significantly elevated risk across a wide age range from 5 to 29 years and across all levels of deprivation. The presence of substantial risk across multiple strata means that interventions that target populations based on deprivation will include the highest-risk strata, but they will also (a) include groups with very low risk of ARF, such as non-Māori/non-Pacific children; and (b) exclude some groups with moderate risk of ARF, such as Māori and Pacific children living outside high deprivation areas.
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